Several bacteriophages that are able to infect Lactobacillus plantarum have been isolated by induction of lysogenic strains with mitomycin C and by enrichment of samples from different origins. Two closely related phages (~LPI-A and LPI-B), isolated from com silage, and phage~LP2, isolated from a homemade cheese whey, were characterized. Some features of L. plantarum phage lri were Abbreviation key: MCM = MRS (de Man, Rogosa, and Sharpe) medium (4) plus 10 roM Ca(N03b. and 10 roM MgS04, RPE =relative plaquing efficiency (ratio of plaque-forming units per milliliter obtained at 30·C to those obtained at 3TC for a particular combination of phage and host). 1995 J Dairy Sci 78:741-750 741
also studied that have not been previously published. Virions of the~LPI and~LP2 groups displayed a typical B1 morphology (Siphoviridae); heads were isometric, and tails were long and noncontractile. The genetic material of the virions was a single molecule of doublestranded DNA without cohesive ends. The genome lengths were 80 kbp (~LPI group), 47 kbp (~LP2), and 133 kbp (fri). Host range was limited to some strains of L. plantarum. Temperature of propagation affected the appearance and aspect of the plaques of lysis. Phage adsorption was quite efficient, reaching >90% in most cases and often >99%, and was not affected by the temperature. One-step growth experiments showed that, in some cases, temperature strongly influenced the phage development. The temperate nature of the phages could only be established for phage~LP2, and no lysogens were obtained for members of the~LPI group. INTRODUCTION Attention has been focused on bacteriophage infection of lactic acid bacteria, mainly because such infection represents a major problem to the dairy industry; their attack on starter strains results in failures of processes such as cheese making because of slow or even aborted fermentations, and economic results can be catastrophic (18) . In most cases, starter strains are lactococci or thermophilic lactobacilli, and numerous studies on phages of these subgroups of lactic acid bacteria exist [for a comprehensive review, see Jarvis (10) ]. However, in spite of the importance of mesophilic lactobacilli in meat and vegetable fermentations, their phages have not been studied in detail except for some Lactobacillus casei bacteriophages that have been well characterized by Japanese researchers [see Sechaud et al. (25) ]. Recent studies (6) have shown that mesophilic lactobacilli are the prevailing lactic acid bacteria in some homemade Blue cheeses from Asturias in northern Spain. Although the importance of phage infection in traditional cheese making has not been established, the isolation and further characterization of bacteriophages infecting mesophilic lactobacilli should contribute to a better knowledge of this poorly studied group of phages. This study examines the isolation of several bacteriophages that infect Lactobacillus plantarum through lytic induction of resident prophages or after enrichment of environmental samples. The main biological features are described for~LP1-A,~LPI-B, and~LP2, and a further description is given for phage frio isolated from a commercial meat starter (31) . Furthermore, the important effects of the temperature of incubation on phage development are also stressed.
MATERIALS AND METHODS

Induction of Temperate Phages
Sixty-three strains of mesophilic lactobacilli from different origins were used as possible sources of temperate bacteriophages and as potential indicator strains. Stationary phase cultures (20 ,.,,1) were inoculated in 1 ml of 
Bacteria, Bacteriophages, and Culture Conditions
Thirty strains of L. plantarum. 13 of L. casei, 12 of Lactobacillus brevis, and 8 of Lactobacillus hilgardii were used. They included strains from collections and strains isolated from homemade Spanish food products. Twenty-three of them were used for host range determinations and are listed in Table 1 . Bacteriophage fri and its host strain, L. plantarum HER 1325, were purchased from the Felix d'Herelle Reference Center for Bacterial Viruses (Universite Laval, Cite Universitaire, Quebec, PQ, Canada). All of the other phages were isolated as described.
Bacteria and phages were propagated in MCM medium [MRS medium (4) , supplemented with 10 mM Ca(N03n and 10 mM MgS04] as liquid static cultures or in conventional double-layer plates. Cultures were incubated at 30 or 3TC. Bacterial stocks were kept in MCM plus 20 or 50% glycerol at -20 or -70·C, respectively. Phage stocks were obtained by resuspension of viral particles from confluent lysis plates in liquid MCM, centrifugation at 3000 x g for 10 min at room temperature, and filtration of the supernatants through sterile Acrodisc units of .45-,."m pore size (Gelman Sciences, Ann Arbor, MI). When needed, phages were concentrated by ultracentrifugation at 35,000 rpm for 2 h in a Beckman 42.1 rotor (Palo Alto, CA) and resuspended in a small volume of SM buffer (22) , as modified by Suarez et al. (28) 
Bacteriophage Isolation from Environmental Samples
Bacteriophages infecting Lactobacillus were enriched from solid samples (cheese, com silage, and soil) and liquid samples (cheese whey, river water, and sewage). For solids, the samples were homogenized in MCM medium that had been inoculated with a mixture of potential host strains listed in Table 1 ; for liquids, samples were diluted with concentrated MCM to reach its standard concentration, after which the medium was inoculated. The cultures were incubated at 30 and 37·C overnight. This step was repeated three times by transferring a 1% inoculum to fresh medium. Dilutions of the filtered supernatants were then plated, using as potential hosts each of the strains included in the enrichment procedure. Single plaques were selected and retested twice against the same host before phage stock suspensions were made.
Electron Microscopy of Phages
Concentrated phage stocks obtained as described were negatively stained with 1% uranyl acetate, pH 4, and observed and photographed in a JEOL 2000 EX-II electron microscope (Japan Electronics and Optics Laboratory, Tokyo, Japan) at 80 to 120 kV, using Scientia film plates (Agfa, Belgium).
Host Range Determination
The host range of each phage was determined by plating serial dilutions of concentrated phage stocks (lOS to 10 12 pfulrnl) on the strains listed in Table 1 in conventional double-layer MCM plates and by examining them for plaques of lysis. Every combination of phage and host was tested at 30 and 3TC.
Phage Adsorption and One-Step Growth Curves
Adsorption experiments were carried out as described by de los Reyes-Gavihin et at. (3), except that all determinations were carried out in MCM medium, and duplicates were prepared at 30 and 3TC. Samples were taken at 0, 5, 10, 20, 30, 45, 60, and 90 min after infection.
One-step growth experiments were done with I-ml liquid cultures grown at 30 or 3TC to an optical density of .5 at 600 nm; cultures were then infected with the appropriate phage at a multiplicity of infection of about .01. After cultures were incubated for 10 min at the corresponding temperature to allow phage adsorption, the cultures were spun in a microcentrifuge (14,000 rpm for 1 min), the cells were resuspended in prewarmed (30 or 3TC) MCM medium, and incubation continued at the appropriate temperature for up to 4 h. Samples were taken out at intervals, centrifuged as described, and the supernatants were diluted and plated to titrate free phages in the medium. Plates were incubated at the optimal temperature for plaque production, regardless of the temperature at which the experiment had been performed.
Lysogenization Assays
Lysogenic derivatives of L. plantarum C3.8 were obtained for phage 4>LP2 essentially as described (7) , except that infections were carried out at 30 and 37·C. The lysogenic nature of the colonies was determined in two ways: 1) by challenging them with high titer 4>LP2 suspensions to test their superinfection immunity and 2) by spotting drops of their culture supernatants (either uninduced or induced with mitomycin C as described before) on lawns of wild-type L. plantarum C3.8.
Phage DNA Analyses
Phage DNA was obtained from stock suspensions essentially as described by Suarez and Chater (29) . Coliphage ADNA was pur-chased from Boehringer Mannheim. The T4 DNA-ligase and restriction endonucleases (Boehringer Mannheim) were used according to the supplier's instructions. To test for the presence of cohesive ends, the phage DNA were ligated, heated at 7ST for 10 min to inactivate the ligase, and digested with the appropriate restriction enzyme or enzymes. The ligated DNA samples, together with unligated, digested samples, were heated at 75°C for 10 min immediately before electrophoresis at 4 V/cm in .4 to 1.2% agarose gels made with standard Tris-borate-EDTA buffer (22) . Gels were stained in 1 J-Lg of ethidium bromide/ml. When necessary, photographic negatives of the gels were scanned and analyzed in a Millipore BioImage® microdensitometer (Millipore, Milford, MA).
RESULTS
Induction of Temperate Bacteriophages
Liquid cultures of 63 strains of mesophilic lactobacilli (L. plantarum, L. casei, L. brevis, and L. hilgardii) were treated with mitomycin C, and each supernatant was tested on lawns of all 63 strains. Supernatants of 8 treated strains gave rise to inhibition of growth of 1 to 21 other strains. However, when these supernatants were serially diluted and plated on chosen indicators, only 2 yielded individual plaques, indicating that induction of prophages and production of complete, infective virions had indeed occurred. The two true lysogenic strains were L. plantarum CECT 3833, a Spanish strain isolated from grape juice, and L. plantarum ATCC 14917, a known lysogen (27) that was included in our work as a positive control of induction. The only strain that was able to support propagation of both inducible phages was L. plantarum C3. 8 , isolated from a Spanish cheese. Typical phage titers after induction varied from around 1()4 to 1()6 pfulml for L. plantarum ATCC 14917 and CECT 3833, respectively. However, the titers decreased very rapidly in both strains. and no viable virions remained after a few days at 4°C. Phage titers dropped sharply despite the fact that the phage stocks were kept as supernatants of induced cultures or as high titers, purified phage suspensions. even in the presence of protecting compounds such as albu-Journal of Dairy Science Vol. 78, No. 4, 1995 min. gelatin. or glycerol. Because of this instability. these phages were not characterized further.
Isolation of L. plsntsrum Bacteriophages from Other Sources
Numerous samples of diverse origins were subjected to enrichment procedures and screened for the presence of phages that were able to infect mesophilic lactobacilli. Phages infecting L. plantarum strains were from two sources: I) corn silage, from which several bacteriophages could be isolated on different strains. and 2) whey of a homemade cheese, which yielded a single phage.
To ascertain whether the different isolates were identical, phage DNA was obtained and subjected to a preliminary analysis with a number of restriction endonucleases. The restriction patterns (not shown) demonstrated that all of the corn silage isolates could be clustered into four closely related but not identical entities constituting the 4>LPI group; the DNA of 4>LP2. isolated from cheese whey, was not related to the former group.
Two members of the 4>LPI cluster (4)LPI-A and 4>LPI-B) and 4>LP2 were chosen for further biological characterization. In some of our studies, we also included phage fri, although some data on this phage had been previously presented (31) . because other aspects, such as its genome length or adsorption data, were unknown.
Phage Morphology and Dimensions
The 4>LPI and 4>LP2 virions presented isometric heads and long, noncontractile tails ( Figure I) . The virions did not show any additional structure, such as baseplates, collars, or fibers. The dimensions of the phage particles are summarized in Table 2 . No differences in morphology or dimensions were significant among virions of the 4>LPI group.
Viral Nucleic Acid
In all cases. the phage nucleic acid evidently was double-stranded DNA, because it was digested by several Type II restriction endonucleases (Figure 2) . The genome size of 4>LP2 was easily obtained from Avalor Sad digests, resulting in a length of 47.0 kbp; however, a submolar band was present in these and other digests, which is suggestive of a phage with a headful mechanism of DNA packaging, giving rise to a circularly permuted DNA; if true, 47 kbp would not represent the length of a genome unit, but that of a packaging unit. However, phages of the 4>LPI group presented DNA molecules yielding either too large or too many fragments (or no fragments at all) when the most common restriction endonucleases were used in single or double digests; however, Bgfi plus EcoRI digests of 4>LPI-A or 4>LPI-B DNA resulted in only 13 DNA bands, ranging from 1.3 to 17.0 kbp. Their size was obtained from .4 or 1.2% agarose gels (for bands over or under 4 kbp, respectively); the existence of doublets was assessed by microdensitometry (not shown). In this way, we have estimated 4>LP1-A and 4>LP1-B DNA as having virtually identical sizes of 80.4 and 79.9 kbp, respectively, although their restriction patterns with Bgfi plus EcoRI were clearly different (digestion with other enzymes resulted in more similar patterns). For phage fri DNA, the best digest was similarly obtained with PvuII, which yielded 18 bands (including several doublets) from .5 to 19.0 kbp. The size of the full-length fri genome was determined as described, resulting in a length of 133.0 kbp.
To elucidate whether the phage DNA had cohesive ends, DNA samples of 4>LP1-A, 4>LP1-B, 4>LP2, fri, and coliphage A (as a positive control) were compared after digestion of ligated and unligated aliquots with the appropriate enzyme(s). For A DNA, the expected fusion band resulting from ligation of the fragments containing the cohesive ends was readily detected in the ligated samples; the restriction patterns of ligated and unligated DNA samples of L. plantarum phages did not differ (results not shown). This suggests that none of the L. plantarum phages has cohesive ends in its DNA.
Host Range Determination
The host range of phages 4>LPl-A, 4>LPl-B, 4>LP2, and fri was determined by testing the formation of plaques at 30 and 37"C on 23 strains of mesophilic lactobacilli. The results. summarized in Table I , showed that the four phages had a narrow host range, limited to strains of 1. plantarum. None of them were able to propagate on 1. casei or 1. brevis. Given that strain C3.8 was the only host sensitive to all the phages isolated during this work and that strain LL 441 was the only other host for~LP2, their classification as 1. plantarum was confirmed by B. Pot (LMG Culture Collection, Rijksuniversiteit Gent. Gent, Belgium) through analysis of their protein profiles. 
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Effect of Temperature on Phage Propagation
The temperature of incubation markedly affected the plaque turbidity and diameter and the relative plaquing efficiency (RPE) for each combination of phage and host.
In some combinations, propagation at 30'C was more efficient than at 37'C. For example, when~LPI-B was plated on 1. plantarum ATCC 10241, the plaque size and the plaqueforming units per milliliter at 37'C were reduced compared with those at 30'C, as shown in Figure 3 . The effect was more dramatic for phage fri on its unique host, 1. plantarum HER 1325, for which no plaques at all could be observed at 37'C, even with concentrations as high as 10 12 pfu per plate, as deduced from the results at 30'C (not shown).
For other combinations, RPE was less efficient at 30 than at 3TC. For example, phages LP1-A and B, plated on 1. plantarum ATCC 14917, resulted in RPE <10-10 and <10-8 , respectively. On L. plantarum ATCC 8014, both phages gave similar plaque-forming units per milliliter, but with clearly wider plaques at 37'C (not shown).
Effect of Temperature on Phage Adsorption and One-Step Growth Kinetics
The effect of temperature on phage propagation could be due to temperature-dependent changes in the bacterial cell wall affecting the adsorption ability of the phages; therefore. adsorption curves were obtained for all phages on a subset of selected hosts at 30 and 37·C during 90 min. The most relevant adsorption data (maximum adsorption values and the time required to reach them) are shown in Table 3 . More than 80% of the particles became adsorbed in all cases, although the process was rather slow, and the maximum values were not reached until 30 to 60 min after infection. The maximum adsorption values at 30 and 37·C did not differ significantly for any phage and host combination, although the kinetics of adsorption and, hence. the time required to reach the maximum values varied with the temperature. However, the observed differences cannot account for any of the phenomena of temperature-dependent propagation.
To determine whether the temperature of incubation affected the intracellular development of the phages, one-step growth curves were determined for two phage and host combinations, one of them with higher plaqueforming units per milliliter at 30·C than at 37"C (phage fri on L. plantarum HER 1325) and the other with lower plaque-forming units per milliliter at 30·C than at 37·C (phage <I>LPI-A on L. plantarum ATCC 14917).
In the later combination (Figure 4a ), the one-step growth kinetics and the burst size were similar at either temperature, which indicates that phage development itself is not af- fected by temperature. at least in liquid medium. in spite of the evident lack of plaques of lysis when the plates are incubated at 30·C. A totally different result was obtained for phage fri on L. plantarum HER 1325 ( Figure  4b) . for which the one-step growth curve at 30·C revealed a normal lytic cycle; at 37"C the process was completely unproductive (extracellular virions were not detected after 240 min, not even after treatment of the infected cultures with chloroform, indicating that intracellular phage particles were not assembled). superinfection with 4lLP2, and, after overnight incubation, their culture supernatants contained infective phage particles that produced zones of lysis when spotted on lawns of wild-type L. plantarum C3.8 (results not shown). Production of viral particles occurred in cultures induced with mitomycin C and also in uninduced cultures. Control samples in which the nonlysogenic parent strain was used did not produce phages, regardless of mitomycin C treatment or no treatment. These results suggest that 4lLP2 is a temperate phage.
However, no Iysogens were obtained for 4lLP1-A or for 4lLPI-B after infection of any of three sensitive hosts (L. plantarum strains C3.8, ATCC 8014, and ATCC 10241), regardless of the incubation temperature, which seems to indicate that phages of the 4lLPI group are virulent.
DISCUSSION
Temperate and virulent bacteriophages that infect L. plantarum have been isolated (5, 21, 27, 30, 31, 33) . To our knowledge, only two of them have been studied in detail, namely phages B2 (16, 17) and fri (31) . However, the study of L. plantarum phages seems to have been discontinued, and little attention has been devoted to them; they were not mentioned in three relatively recent reviews (2, 10, 13) , although they were reviewed by Sechaud et a1. (25) . Our group was interested in the study of phages of mesophilic lactobacilli because they are the predominant microbiota in some farm house cheeses made in our region, and thus we isolated some new phages of L. plantarum. Two approaches were attempted: induction of resident prophages with mitomycin C, because lysogeny is thought to be widespread among lactobacilli (2) , and enrichment of artisanal dairy products and environmental samples. Only 12.7% of the supernatants of cultures treated with mitomycin C inhibited the growth of other strains. Out of that 12.7%, two phages, which were extremely unstable, were able to produce plaques on a sensitive indicator; this subset represented 3.2% of the treated strains. Our results are in agreement with those of Lahbib-Mansais et a!. (12) and Yokokura et al. (32) , who found that only 4.2 and 6.8%, respectively, of the Lactobacillus strains tested produced phages that were able to propagate Journal of Dairy Science Vol. 78. No. 4, 1995 on suitable indicators, either because of difficulties in finding such sensitive strains or production of defective particles. Enrichment of natural samples allowed the isolation of several bacteriophages; after restriction analysis of their DNA, two groups were observed: the 4lLPl cluster, including four closely related representatives isolated from corn silage, and 4lLP2, a single phage unrelated to the 4lLPl group, which was obtained from whey of a homemade cheese. The presence of several related viruses in a single com silage suggests that the different viral strains may have evolved from a common ancestor through mutations that originated the variants in the viral population.
Both 4lLPl and 4lLP2 virions have isometric heads, as do all Lactobacillus phages studied. However, tail morphology is not homogeneous, and both long, contractile tails and long, noncontractile tails have been reported. Our isolates <flLPl and <flLP2 have noncontractile tails; hence, they can be included in the morphotype B1 (1) or Siphoviridae (formerly Styloviridae), unlike phage fri, which has a contractile tail sheath and thus belongs to the morphotype Al or Myoviridae (31) .
As expected for tailed phages, the genome of cllLPI, <flLP2, and fri consisted of doublestranded DNA. The genome size of <flLP2 «47 kbp) and fri (133 kbp) is in accordance with those of other phages with similar morphologies and dimensions. However, the <flLPl genome, at approximately 80 kbp. is unusually long for a Type B phage. Nevertheless, another Type B bacteriophage of L. plantarum, phage B2. also has an unexpectedly long genome of 73 kbp (16) , and Type B phages with even longer genomes (134 kbp) occur in other lactic acid bacteria, such as Lactococcus lactis (20) .
The host range of bacteriophages infecting lactic acid bacteria seems to be extremely narrow, given that they only propagate, at most, in a few strains of a single species. Furthermore, for many resident, inducible phages, no sensitive hosts exist, although L. plantarum C3.8 is remarkable because all our phages except fri propagated on this strain, regardless of their origins or temperate or virulent nature.
The influence of temperature on phage propagation ability has been repeatedly reported in lactococci (8,9, 11, 15, 19,23,24, 26) but, to our knowledge, has not been previously reported for lactobacilli. However, for 1. plantarum bacteriophages, the incubation temperature affected phage propagation differently (for some phage and host combinations it was better at 30·C than at 37°C, but for others was improved at the higher temperature). Significant differences in bacteriophage adsorption at either temperature were not observed, and, therefore, we postulated that intracellular phage development could be impaired at the restrictive temperature.
One-step growth experiments of representative phage and host combinations indicated that this was indeed the case for phage fri on L. plantarum HER 1325, for which RPE was >10 12 . Thus, our results revealed that fri not only fails to produce plaques of lysis at 37·C, but, at this temperature, the phage developmental cycle is completely aborted; at 30·C a normal lytic cycle takes place. The interruption of the lytic cycle at 37·C must occur after adsorption and before assembly of virions (no extracellular or intracellular virions were detected at 37·C). Unfortunately, 1. plantarum HER 1325 is the only host of fri known at present, and, therefore, it is not clear whether this infection failure is caused by some phage function inactivated by temperature (for example, aborted DNA ejection or lack of expression of some essential viral gene at 37°C) or by a temperature-inducible, host-encoded defense mechanism.
Conversely, cl>LPI-A on 1. plantarum ATCC 14917 was chosen as representative of the opposite behavior, i.e., a lower plaqueforming units per milliliter at 30 than at 37·C, with a ratio of <10-10 . However, in this case, the lytic cycles at both temperatures were comparable, as were the growth curves of the host (data not shown). Therefore, an explanation is still lacking for the failure of plaque production at 30·C. Although outside the scope of this paper, elucidation of the precise nature of temperature-dependent mechanisms controlling differential phage propagation in 1. plantarum is biologically significant and deserves further attention.
